We systematically investigate short-timescale (<10-day rest-frame) C iv broad absorption-line (BAL) variability to constrain quasar-wind properties and provide insights into BAL-variability mechanisms in quasars. We employ data taken by the Sloan Digital Sky Survey Reverberation Mapping (SDSS-RM) project, as the rapid cadence of these observations provides a novel opportunity to probe BAL variability on shorter rest-frame timescales than have previously been explored. In a sample of 27 quasars with a median of 58 spectral epochs per quasar, we have identified 15 quasars (55 +18 −14 %), 19 of 37 C iv BAL troughs (51 +15 −12 %), and 54 of 1460 epoch pairs (3.7 ± 0.5%) that exhibit significant C iv BAL equivalent-width variability on timescales of less than 10 days in the quasar rest frame. These frequencies indicate that such variability is common among quasars and BALs, though somewhat rare among epoch pairs. Thus, models describing BALs and their behavior must account for variability on timescales down to less than a day in the quasar rest frame. We also examine a variety of spectral characteristics and find that in some cases, BAL variability is best described by ionization-state changes, while other cases are more consistent with changes in covering fraction or column density. We adopt a simple model to constrain the density and radial distance of two outflows appearing to vary by ionization-state changes, yielding outflow density lower limits consistent with previous work.
1. INTRODUCTION One of the major questions driving studies of galaxy evolution is the nature of the interaction between galaxies and their central supermassive black holes (SMBHs). A possible avenue for this interaction is through quasar outflows, or winds, generated near the SMBH (e.g., Di Matteo et al. 2005; Moll et al. 2007; King & Pounds 2015) . Quasar outflows are launched from the accretion disk around the SMBH (e.g., Murray et al. 1995; Proga 2000; Baskin et al. 2014; Higginbottom et al. 2014) , and are thought to regulate the growth of the host galaxy, and the SMBH itself, through the process * Alfred P. Sloan Research Fellow of AGN feedback. Specifically, outflows provide a mechanism for a host galaxy to evacuate or compress gas, slowing SMBH accretion and suppressing or enhancing host-galaxy star formation. Understanding the physical properties of these outflows is thus integral to developing models of galaxy evolution. In the context of rest-frame UV quasar spectra, these outflows manifest themselves most prominently as broad absorption lines (BALs), features that exhibit observed velocity widths on the scale of several thousand km s −1 (Weymann et al. 1991) . BALs are an extremely useful probe of the physical properties of outflows as well as the environments from which they originate.
Previous studies have demonstrated that BALs are significantly variable, both in strength and in shape (e.g., Barlow 1993; Lundgren et al. 2007; Gibson et al. 2008; Filiz Ak et al. 2013; Capellupo et al. 2013 ). Proposed mechanisms for BAL variability include inhomogeneous emission, ionization-state changes, and "cloud crossing", which refers to the drift of absorbing gas across the line of sight (e.g., Hall et al. 2007; Capellupo et al. 2013; Filiz Ak et al. 2013) . Characterizing the BAL variations can yield constraints for many physical properties of quasar outflows; for example, ionizationstate changes and cloud-crossing allow an inference of the density and/or radial distance of relevant gas from the SMBH (e.g., Capellupo et al. 2013) .
While BAL variability has been commonly studied on rest-frame timescales of years and months (e.g., Gibson et al. 2010) , observations probing timescales of days and hours are rare (e.g., Capellupo et al. 2013; Grier et al. 2015) . Moreover, most studies have suffered a trade-off between the number of observed quasars and the number of epochs. For this reason, there has not yet been a study with both the sample size and rapid cadence required to make robust statistical statements about variability on timescales on the order of days to hours in the quasar rest frame. Table 1 presents various sample characteristics of several prior BAL-variability studies for the purposes of comparison to this investigation.
Spectroscopic data from the Sloan Digital Sky Survey Reverberation Mapping project (SDSS-RM; Shen et al. 2015) provide a novel opportunity to investigate BAL variability in a representative sample of quasars using many epochs of spectra on shorter timescales than have previously been explored. The SDSS-RM project is an ongoing reverberation-mapping campaign that began in 2014 and has continued to obtain data in subsequent years during January -July of each year. Many quasars in the SDSS-RM quasar sample exhibit BAL features. Prior to this program, the shortest BAL-variability timescales probed were on the order of 8 − 10 days (Capellupo et al. 2013 ). However, with the rapid cadence of the SDSS-RM dataset, Grier et al. (2015) were able to investigate even shorter timescales: They identified significant variability of a C iv BAL on timescales as short as 1.2 days in the quasar rest frame. On these short timescales, the equivalent width of this BAL varied by roughly 10%. Because the BAL showed little variability in shape, Grier et al. (2015) proposed that this feature was likely varying via ionization-state changes in the absorbing medium. This discovery of such shorttimescale BAL variability motivates subsequent investigations to determine whether this variability is common among BAL quasars.
In this work, we present the results of a search for short-timescale variability within a sample of BAL quasars using data from the SDSS-RM project. The goals of this study are to determine the frequency of short-timescale BAL variability, provide insights into quasar-wind variability mechanisms, and further constrain quasar-wind properties in BAL quasars exhibiting significant short-timescale variability. Section 2 presents the SDSS-RM observations and characterizes our quasar sample. Section 3 describes data processing, the measured BAL parameters such as equivalent widths, mean depths, and centroid velocities, and our criteria for selecting robust cases of BAL variability. Section 4 discusses our results, our examination of coordinated variability, physical constraints calculated from our measurements, and the implications of our work. Section 5 summarizes our findings and elaborates on feasible future work in regards to short-timescale BAL variability studies. Where necessary, we adopt a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7.
OBSERVATIONS & DATA PREPARATION 2.1. SDSS-RM Observations
In 2014, SDSS-RM obtained 32 epochs of spectra of 849 quasars using the Baryon Oscillation Spectroscopic Survey (BOSS; Eisenstein et al. 2011; Dawson et al. 2013 ) spectrograph on the SDSS 2.5-meter telescope (Gunn et al. 2006; Smee et al. 2013 ); 12-13 additional epochs per year were taken subsequently in 2015, 2016, and 2017 as a part of the SDSS-IV eBOSS program (Dawson et al. 2016; Blanton et al. 2017) , yielding 69 total epochs of spectroscopy over the four years. The BOSS spectrograph covers a wavelength range of 3650 -10,400Å and has a spectral resolution of R = 2000 with a field of view that is 3 degrees in diameter. At the beginning of the SDSS-RM program, all 849 quasars were assigned numerical identifiers based upon their position on the spectrograph plate -we hereafter refer to these identifiers as RM IDs and refer to all quasars by this designation.
Initial Quasar Sample
We began with a parent sample of 94 quasars in the SDSS-RM sample that were identified to likely host prominent C iv absorption features, each with 69 epochs of data from the four years of SDSS-RM monitoring. This initial sample was chosen by visual inspection, and thus may contain C iv absorbers that do not meet the formal requirements for BALs (e.g., Weymann et al. 1991) . We later refine our sample to include only formally detected BALs; see Section 3.1. Figure 1 shows the absolute magnitude-redshift distribution of our parent quasar sample compared to the general population of quasars from the DR14 quasar catalog (Pâris et al. 2018) . The quasars in our parent sample are typical of BAL quasars within the magnitude/redshift plane.
Data Preparation
The SDSS-RM data were first processed using the standard BOSS spectroscopic reduction pipeline; however, to further improve the spectrophotometric flux calibrations of the data, a custom flux calibration scheme was applied (Shen et al. 2015) . We then corrected the a N epochs refers to the number of epochs per quasar.
b ∆t is measured in the quasar rest frame. Gray and yellow points show non-BAL and C iv-BAL quasars from the DR14 quasar catalog (Pâris et al. 2018) , respectively. Cyan circles represent quasars in our initial 94-object sample that were cut due to low SN; blue squares show the quasars in our final sample that show no significant shorttimescale (<10-day) variability, and red stars indicate our 15 quasars that show significant short-timescale variability. Data for the SDSS-RM quasars were retrieved from Shen et al. (2018, in preparation) . All absolute magnitudes have been corrected to Mi[z = 2], following Richards et al. (2006) . spectra for Galactic extinction using an R V = 3.1 Milky Way extinction model (Cardelli et al. 1989 ) and A V values from Schlafly & Finkbeiner (2011) .
We searched for pixels with poor sky subtraction residuals using the SDSS bitmask flag "BRIGHTSKY" and linearly interpolated over these pixels. This process suppressed much of the spectral mid-optical sky contamination, although significant sky contamination residuals are still visible at the far red and blue ends of the spectra. A few spectra contained additional bad pixels that were not flagged during the SDSS data reduction process. These pixels appeared as dramatic spikes or dips in flux -we manually removed these points and linearly interpolated over the region for ease of spectra visualization. Before continuing our analysis, we translated the wavelengths of the spectra into the quasar rest frame using systemic redshifts from Shen et al. (2016) . We adopt these redshift measurements for the remainder of this investigation. To remove the aforementioned sky contamination that was often present at the edges of the spectra, we cropped them to cover roughly the wavelength regions spanning 1200-2600Å in the quasar rest frame.
During the course of our study, we identified an issue with the SDSS eBOSS DR14 pipeline reductions which produced wavelength-dependent residuals in data processed after 2014. The residuals resulted from incorrect background estimation in the presence of nearby standard stars. Spectra are grouped in bundles of 20 fibers on the detectors, and the DR14 background estimation used a new scheme to measure the background flux within these bundles. This issue has since been fixed in more recent versions of the pipeline reductions; however, it was not yet resolved while we were carrying out the bulk of our analysis. Empirically, we found that ex-cluding fibers from bundles including two or more standard stars removed all fibers with obvious spectral residuals. Our team thus identified the spectra from fibers in these bundles at each epoch in our sample and removed these individual spectra from our sample to avoid introducing resultant systematic uncertainties. Eighteen of the quasars in our sample had at least one epoch that was eliminated. For some of these quasars only a single epoch was removed (e.g., RM 770), while in others, all of the post-2014 epochs were removed (e.g., RM 786).
Magnitude and Signal-to-Noise Cuts
Our goal is to construct a sample that is representative of the general BAL quasar population, so we make only two simple cuts to our sample. Because we are searching for small-amplitude BAL variability, we require our spectra to have reasonably high signal-to-noise ratios (SN) near the C iv region of the spectrum. To quantify the SN, we measure SN 1700 , defined as the median SN of the pixels in the 1650-1750Å region in the quasar rest frame. We follow previous work (e.g. Gibson et al. 2009a ) and require our objects to have SN 1700 of 6 or higher per pixel (reduced SDSS spectra have a resolution of 69 km s −1 per pixel). To achieve this, we selected only quasars with i-band magnitudes m i < 20.4, which mostly eliminated quasars with SN 1700 lower than this threshold (see Figure 2) . This m i constraint restricted the sample to 36 objects. Figure 2 displays m i vs. the median SN 1700 calculated from all observed epochs for each quasar.
Even after this magnitude cut, individual epochs of some objects had fairly low SN due to variations in observing conditions. Often, a reliable continuum fit was difficult to obtain for these epochs, rendering further measurements difficult or impossible. Therefore, we impose a subsequent SN 1700 ≥ 6 cut on each individual spectral epoch to remove epochs where reliable fits were unobtainable due to low SN. For some quasars, this removed an epoch or two from our sample, while in four cases, all observations of the given quasar were dropped. There is some scatter in the relationship between m i and SN 1700 , and these four objects fell below our SN threshold despite our m i cut; see Figure 2 . Imposing this SN 1700 limit yielded 32 quasars that potentially host C iv BALs and have sufficient SN for reliable analysis.
Continuum and Emission-Line Fitting
We follow previous BAL-variability studies (e.g. Filiz Ak et al. 2012 Ak et al. , 2013 Grier et al. 2015 Grier et al. , 2016 and use a least-squares fitting algorithm to fit reddened power laws to all spectra using the SMC-like reddening model of Pei (1992) . We began the fitting process by adopting the relatively line-free (RLF) regions determined by Gibson et al. (2009b) , with a few revisions made after consulting the composite quasar spectra published by Vanden Berk et al. (2001) The quasar apparent i-magnitude (mi) vs. median SN1700 for the entire SDSS-RM BAL parent sample. The dashed blue line represents the location of our imagnitude limit, and the dashed vertical red line shows the SN1700 cut. We note, however, that the SN1700 cut was made on individual spectral epochs, while the figure includes the median SN1700 of all spectra for each quasar.
additional deviations from the Gibson et al. (2009b) regions for optimal continuum fits due to the presence of strong absorption or emission within these regions. For a given quasar, we adopted the same RLF fit regions for all epochs. Because we manually adjusted the line-free regions, we did not need to utilize the sigma clipping techniques commonly employed by previous investigations . (e.g., Filiz Ak et al. 2013) . One epoch of one quasar (RM 284, MJD 57451) was missing sections of the spectrum toward the red end, causing difficulties with the continuum fits; we exclude this epoch from our analysis, as the missing pixels left us unable to obtain a reasonable fit. For some spectra, the best-fit power law was consistent with no reddening, so we adopted a simple power law for our continuum -our choices of reddened or unreddened fits are indicated for each quasar in Table 2 . Uncertainties in the continuum fits were determined using Monte Carlo methods; the flux values of each pixel within the fitting region were altered by a random Gaussian deviate scaled to the pixel uncertainties, and the spectra were subsequently refit. Our continuum fits to the mean spectra created from the 2014 observations are presented in Figure 3 .
Several quasars exhibited BALs at velocities insufficient to separate them cleanly from the C iv emission line. To remove emission-line contamination from the BAL features, we follow Grier et al. (2015) and fit Gauss-Hermite (van der Marel & Franx 1993) , doubleGaussian (Park et al. 2013) , and Voigt profile (Gibson et al. 2009b ) models to the C iv emission line. To do this, we constructed mean spectra for each individual year of the campaign for each object from all epochs passing our SN 1700 threshold criterion defined in Section 2.4. For each object, we choose the best-fit model (Gauss-Hermite, double-Gaussian, or Voigt) based on visual inspection; the chosen models for each quasar are listed in Table 2 . We adopt the fit parameters from the mean spectrum (except the amplitude parameter) for all epochs in a given year (i.e., the 2014 mean spectrum fit parameters were used for all 2014 SDSS-RM epochs, etc.). We then fit the emission lines to each individual epoch while treating only the amplitude as a free parameter. This process assumes that only the amplitude of the emission lines varied within the same observing season and all other characteristics (e.g., widths, centers, etc) remained constant. Our emission-line fits are displayed in Figure 3 . We add the continuum and emission-line fits together, hereafter referred to as the "continuum+emission-line" fits.
FINAL SAMPLE SELECTION AND BAL MEASUREMENTS

Final BAL Quasar Sample
We are primarily interested in quasars that host C iv BALs at the beginning of the SDSS-RM campaign. To identify such BALs, we first binned all of the 2014 mean normalized spectra by three pixels to account for SDSS oversampling of the spectral line function. Binning ensures that neighboring pixels are almost entirely uncorrelated. We then smoothed the binned spectra by three pixels to reduce noise. We note that smoothing was used only for the BAL search; we perform all additional measurements on the un-smoothed, binned spectra. We then searched each of the 2014 mean spectra for regions in which the normalized flux density drops below 0.9 for velocity widths greater than 2000 km s −1 (i.e., a BAL exists that is consistent with the formal definition of Weymann et al. 1991) . We restricted our search to within 30,000 km s −1 blueward of the adopted C iv rest wavelength (1548.202Å) and include BALs that extend redward of the C iv rest wavelength by up to 1000 km s −1 . Quasars without formal C iv BALs in their 2014 mean spectra, such as those containing only mini-BALs or those for which a BAL did not appear until later on in the campaign, were dropped from our sample.
After identifying the BALs, we visually inspected all spectra to ensure no BALs were contaminated by residual sky flux or bad pixels. Three BALs were found to either have bad pixels within the BAL trough (in quasars RM 528 and RM 729) or to contain residual sky lines within the BAL (RM 195 ) that could potentially affect our analysis. These features were not detected by the SDSS pipeline, and affect BALs with an unfortunate combination of velocity and quasar redshift. We excluded these BALs from our sample. This resulted in the removal of RM 528 from our sample, as this quasar possessed only the contaminated BAL. The other two quasars harbor additional uncontaminated BALs, and so remain in our final sample.
The final sample contains 27 quasars that have 37 uncontaminated C iv BALs between them. We present various characteristics of the quasars in our final BAL quasar sample in Table 2 and provide information on each individual identified BAL in Table 3 . To distinguish between C iv BALs when a spectrum has more than one present, we assign identifiers [A] and [B] to the BALs as wavelength increases (and as velocity decreases); therefore, in cases with multiple BALs, [A] refers to the higher-velocity BAL, and [B] to the lowervelocity BAL. None of our quasars contained more than two C iv BALs. The regions of the spectra containing C iv BALs in each quasar are highlighted in Figure 3 .
Our final sample of BAL quasars does not generally have properties different from those of the larger BALquasar population (see Figure 1) . Most (26 out of 27) of the quasars in our sample are radio quiet and are undetected by the FIRST radio survey (White et al. 1997; compiled by Shen et al. 2018) . The one exception is RM 155, which has a measured radio-loudness parameter of R = 42.89; R is defined as the ratio of fluxes at rest-frame 6 cm and 2500Å (e.g., Shen et al. 2018) .
Our final sample of spectra has a median of 58 epochs per object; this is the highest of any BAL variability study by almost a factor of 10 (see Table 1 ). Epochs separated by rest-frame timescales (hereafter referred to as ∆t rest ) on the order of a single day are frequent. Hereafter, we refer to all variability on timescales of less than 10 days in the quasar rest frame as "short-timescale", or "rapid" variability. The median rest-frame time resolution of the SDSS-RM observations among our sample of quasars is 2.4 days, nearly a factor of 10 lower than even the shortest-timescale studies previously reported (see Table 1 ). Our sample spans a redshift range of 1.62 to 3.72, which is comparable to previous studies. This is by necessity, as the the C iv region must be redshifted Epoch Pairs Figure 4 . Histogram of the rest-frame time difference ∆trest distribution of our sample. the top subpanel displays the distribution of our entire 27-object sample; the bottom subpanel displays only that of epoch pairs exhibiting significant shorttimescale variability (see Section 3.3). The region ∆trest < 2 days is well-populated.
to within the range of spectral coverage of the instruments used in each study. Figure 4 displays the distribution of ∆t rest between all pairs of subsequent epochs for the sample, including only sequential pairs of epochs for each quasar that are separated by less than 10 days in the quasar rest frame.
BAL Measurements
After identifying the BALs and refining the BAL sample, we calculated the BAL velocity bounds (v min and v max ) from the pixels on either end of the trough that recovered to normalized flux densities of 0.9 or higher. We measure these velocity bounds from the mean spectrum created from the data taken in 2014 for each quasar and adopt them for all individual epochs. We define our velocity ranges as positive and increasing at larger blueshifts. We computed the rest-frame equivalent widths (EWs) for each BAL, along with rest-frame mean fractional depth d and absorbed-flux weighted centroid velocity (v cent ). The EW and v cent are defined as follows:
where f n is the continuum+emission-line-normalized flux across the BAL trough. We propagate the normalized spectral uncertainties to determine the uncertainty in our EW measurements. We provide these measurements from the 2014 mean spectra for our final sample b A designation of "R" indicates that a reddened power law continuum fit was used for this quasar, and a designation of "U" indicates the use of an unreddened power law.
c A designation of "V" indicates that a Voigt profile to was used to represent the C iv emission line, "DG" indicates the use of a double-Gaussian profile, "GH" indicates a Gauss-Hermite profile was used, and "None" indicates that we were unable to obtain any acceptable emission-line fit, so the continuum-only fit was adopted.
in Table 3 , and provide measurements for each individual epoch in Table 4 . The EW measurements of each BAL as a function of the Modified Julian Date (MJD) are presented in Figure 5 . Nearly all of our BALs show significant variability over the four years of monitoring -most of the EW light curves reveal visible trends across even single observing seasons.
Detection of Significant Variability
We began our investigation into BAL variability by measuring ∆EW, the change in equivalent width of the BAL between two subsequent epochs. We calculated the uncertainty in the ∆EW parameter using a quadrature sum of equivalent width uncertainties from each epoch of interest. As discussed above, we removed some epochs from our sample due to various issues (low SN, bad sky subtraction, etc); therefore, from object to object, the cadence deviates from the SDSS-RM observation cadence. Figure 6 shows the distribution of ∆EW for all sequential epoch pairs in our sample. The distribution of ∆EW is centered on zero and contains mostly small-amplitude variations, though there are rare cases of more dramatic variability, particularly on timescales ranging from 10 − 100 days in the quasar rest frame.
To identify significant variability between epoch pairs, we follow previous works (e.g., Grier et al. 2015) and require that the ratio of ∆EW to its uncertainty, σ ∆EW , be at least four (i.e., we impose a 4σ significance requirement on ∆EW). However, solely relying on the aforementioned significance criteria returned several cases of supposed BAL variability for which nearby regions outside the BAL also varied considerably. This phenomenon suggests that the variability observed within the BAL may be due to spectral variability unassociated with the BAL itself (whether real deviations from a power-law, or spurious due to spectrophotometric residuals on scales of tens ofÅ), or inconsistencies in continuum fits. These inconsistencies are likely due to nearby emission-line variability or a lack of line-free regions close to the BAL, which, combined with noise, causes the b BAL designation according to whether or not BALs or mini-BALs are present for Si iv and Al iii, as defined by Filiz Ak et al. (2014); see Section 4.3.3. A designation of C iv N0 indicates that the Si iv line is not completely covered by our spectrum at those velocities or we are unable to otherwise determine whether or not it is present, so we are unsure of the designation.
c This column indicates whether or not there is a suspected corresponding P v BAL or mini-BAL (see Section 4.3.3): "Y" indicates that P v is suspected to be present; "N" indicates that it is not. Entries with no data indicate that the P v region is not covered by the SDSS spectra.
continuum fits to vary somewhat from epoch to epoch. Such cases motivated the implementation of additional criteria which could isolate true BAL variability from variations in continuum and emission-line fits. For these purposes, we define a quantity hereafter referred to as G:
where the χ 2 quantity is the square of the difference between fluxes at two spectral epochs divided by their combined uncertainty, summed over the N pixels within a specified region. The expected value and standard deviation of the distribution of the χ 2 statistic for a region of N pixels are N − 1 and 2(N − 1), respectively; thus the G statistic should have a mean of zero and standard deviation of one if there are no variations between the two spectra. Larger absolute values of G indicate incon-56600 56900 57200 57500 57800 58100 MJD [days] sistencies between the two spectra, suggesting variability at some level of significance.
For each BAL, we located nearby regions that contained very few features, hereafter referred to as "continuum" regions. We use these regions to search for cases where there is variability within the BAL region of the normalized spectra but not within the continuum Panels with red histograms show measurements from our work using all pairs of sequential epochs for each quasar in our sample. Panels with gray histograms represent data from Barlow (1993) , Lundgren et al. (2007) , Gibson et al. (2008), and Filiz Ak et al. (2013) . The top two panels show the distributions for epochs that are separated by 0-10 days in the quasar rest frame and the bottom two panels show the distributions for epochs separated by 10-100 days in the quasar rest frame. See Section 4.2 for a comparison between our work and previous studies. regions. Because we did not fit the nearby Si iv emission line, this region (and all regions blueward) were not included in the continuum regions. Continuum regions redward of Si iv were selected via visual inspection, referencing the composite quasar spectra of Vanden Berk et al. (2001) to search for wavelength regions with minimal contaminants. We then calculated the G values in the identified continuum regions and within the BAL region. Hereafter, we refer to these G values as G C and G B , respectively. For a pair of spectra to exhibit "significant" variability, we require that G B > 4 and G C < 2. Figure 7 demonstrates the use of these criteria in excluding cases of spurious detections from our sample. These criteria may exclude cases of true BAL variability due to random fluctuations in the continuum regions; however, the use of these criteria allows us to create a conservative sample of spectra showing significant short-timescale BAL variability.
RESULTS & DISCUSSION 4.1. BALs Exhibiting Short-Timescale Variability
We searched for short-timescale variability in our sample by identifying pairs of epochs with significant variability (as defined above) on rest-frame timescales of less than 10 days. Figure 8 shows all pairs of spectra in which we identified significant short-timescale variability, and Table 5 provides information on which epochs show significant variability and relevant measurements. We identify 54 epoch pairs in 19 unique BALs in 15 different quasars that show significant variability on these short timescales (four quasars had two C iv BALs present that both varied significantly). This indicates that short-timescale BAL variability occurs in at least 55 +18 −14 % of BAL quasars and in 51 +15 −12 % of BAL troughs (upper and lower confidence limits, here and henceforth, are all calculated via Gehrels 1986, unless noted otherwise).
We also examine the frequency of rapid variability among all epoch pairs. In our sample, we have a total 1460 pairs of sequential epochs separated by less than 10 days in the quasar rest frame. As noted above, 54 of these epoch pairs exhibit significant short-timescale variability, which corresponds to a frequency of 3.7 ± 0.5%.
The observed high fraction of BAL troughs exhibiting short-timescale variability raises the possibility that all BAL troughs would exhibit short-timescale variability if observed a sufficient number of times. To test this possibility, we consider the following simple model (in which "epoch pairs" refers to subsequent epoch pairs and "variability" to significant short-timescale variability). First, we calculate two probabilities: the probability that an epoch pair will show variability if the immediately previous epoch pair did not show such variability (3.0%) and if the immediately preceding epoch pair did (22%). These probabilities show that significant short-timescale variability is not distributed completely at random in time in a given BAL trough.
We assume the probability of not seeing a variability event in a given trough and short-timescale epoch pair is P no =0.97, regardless of the exact time separation between subsequent epochs. For a BAL trough observed N i times, the probability of not seeing a variability event in that BAL is P i = 0.97 . Summing over all troughs in a sample (i=1 to N troughs ), the expected number of BAL troughs without variability events is N no = i P i , with a variance of σ 2 = N troughsPi (1−P i ), whereP i is the average of P i over all i troughs. This toy model for short-timescale variability occurring in all BAL troughs predicts that we should see 13.5 ± 2.9 troughs without significant variability in our sample of 37 troughs with an average of 39.5 epoch pairs per trough. This prediction is likely a small underestimate because it ignores cases of three or more epoch pairs in a row showing variability; accounting for that effect would increase P no and N no . In reality, we observed 18 such troughs, a +1.5σ deviation. Thus, our data are consistent with a toy model in which short-timescale variability occurs in all BAL troughs.
Our observed frequency of rapid variability is significantly higher than that reported by Capellupo et al. (2013) Figure 8 . A pair of spectra showing "significant" variability for one epoch pair of RM 508. The top subpanels show the normalized flux, fn, with the MJDs of the two epochs provided below the RM identifier in the title of each plot. The red line and error bars correspond to the first epoch listed, and blue corresponds to the second epoch. The gray shaded regions display the continuum regions used to calculate GC. The green shaded region highlights the region containing the BAL being examined -this region was used to calculate GB. Yellow shaded regions indicate additional C iv BALs, when present. Relevant measurements (∆trest, ∆EW, σ∆EW, GB, and GC) are provided for each pair of spectra. The bottom subpanels for each pair show the χ statistic (quantifying the difference between the two spectra in units of their uncertainties) as a function of wavelength. Figures for all 54 instances of significant short-timescale variability are provided in the online version of the article.
timescales of less than 72 days (they report 29% for a less-conservative estimate). As in our study, several of the Capellupo et al. (2013) quasars host multiple BALs - Capellupo et al. (2011) identify 25 unique BALs in the sample of 17 quasars with short-timescale data. Two of these BALs varied on timescales of less than 10 days, corresponding to a BAL variability frequency of 8 +10 −5 % (2/25 BALs). Applying the same arguments above to the Capellupo et al. (2013) sample and assuming P no = 0.97 regardless of exact time separation, we find that their expected number of BAL troughs without observed variability events is N no = 22.5 ± 1.5. This agrees very well with their true observed number of troughs without variability events, 23. Thus, although our aforementioned frequency of observed shorttimescale variability is significantly higher than that of Capellupo et al. (2013) , this discrepancy could be explained by their comparative lack of spectral epochs.
We analyzed several properties of the 15 quasars exhibiting significant short-term variability (M i , z, radioloudness) and find that none of them is an outlier compared to the general population of BAL quasars (see Figure 1) . None of the varying BAL quasars is radio-loud. Additionally, we investigated whether the BAL troughs that exhibit significant short-timescale variability are distinct from BAL troughs that do not exhibit such variability in terms of velocity width, mean depth, EW, and centroid velocity (∆v, d , EW, and v cent ). The parameter distributions of the rapidly varying and non-varying BALs were compared using a two-sample KolmogorovSmirnov (K-S) test, returning the K-S statistic (D) and the corresponding probability P , which represents the probability that the two samples are drawn from the same parent distribution. We measure D = 0.17 and P = 0.94 for ∆v, D = 0.17 and P = 0.94 for d , D = 0.21 and P = 0.80 for EW, and D = 0.22 and In this sample, we find significant variability on timescales down to 0.57 days, nearly as short as our data probe; the shortest rest-frame timescale probed for each object ranges between 0.1 and 0.3 days, depending on their redshifts. This is the first detection of such short-term variability, to our knowledge, likely because our study intensively explores timescales much shorter than previous works (see Table 1 ). BAL variability has thus far been observed on all timescales that have been examined.
An assortment of variability amplitudes appear in our rapidly varying pairs of spectra; however, in most cases, the fractional change in EW is fairly small. This is expected, as previous studies have established that longer timescales correspond to larger fractional changes in EW (e.g., Filiz Ak et al. 2013). We do not observe BAL variations to be preferentially strengthening or weakening on these short timescales -specifically, 26 out of 54 epoch pairs show a decrease in EW, while the remainder exhibit an increase. In some cases, however, rather dramatic variability occurs. For example, between MJDs 57901 -57918, BAL [A] in RM 508 underwent a very significant (∆EW > 20σ) EW change. The EW of the BAL dropped from 6.12Å to 3.49Å (a factor of 1.8) within a time span of about 4 days in the quasar rest frame (see Figure 8) .
Another example of dramatic variability occurs in RM 357, which has a high-velocity BAL (denoted BAL[A] in our tables and figures) that is present at the beginning of the campaign. This BAL disappears and reappears at various points during the campaign. The EW in the absorption region containing BAL [A] steadily weakens during the first few months of the campaign (see Figure 5) , and decreases to within 3σ of zero by MJD 56755 (at this point it is no longer formally considered a BAL). The absorption feature then reappeared as a formal BAL between MJD 56755 and 56768 (∆t rest = 4.1 days), and formally disappeared again between MJD 56783 and 56795 (∆t rest = 3.79 days). Both of these epoch pairs are indicated in Figure 5 by red coloring. For each epoch where the BAL is not present (MJDs 56755 and 56795), we searched for residual low-level absorption. We consider both of these epochs to be "pristine" cases of BAL disappearance (see, e.g., Filiz Ak et al. 2012 or De Cicco et al. 2018 for further examples of "pristine" BAL disappearance) because the flux at all pixels within the trough region deviates by less than 3σ from the continuum.
Variability Characteristics of the Entire Quasar Sample
We now compare the distributions of some variability parameters within our sample to those from previous studies. Figure 6 shows the distribution of ∆EW from Together, Figures 6, 9, and 10 reveal that the ∆EW distributions of our sample contain no significant outliers in comparison to the distributions of other samples.
While Figure 10 appears to show excessive variability at short timescales, Figure 6 demonstrates that such variability represents the rare tails of the ∆EW distribution, and that the majority of our measurements are, as expected, small-amplitude variations.
Causes of Variability
There are many different models of the processes that drive BAL variability. Previous studies have found that in some cases, the variability is consistent with models involving changes in the amount of ionizing radiation received by the gas (e.g., Misawa et al. 2010; Filiz Ak et al. 2012 Capellupo et al. 2012; Grier et al. 2015) . Other studies of BAL variability suggest that the variability is due to the transverse movement of outflow material across the line of sight of the observer (often referred to as "cloud-crossing", e.g., Lundgren et al. 2007; Gibson et al. 2008; Hall et al. 2011; Vivek et al. 2012; Capellupo et al. 2013) . Changes in ionizing flux can be difficult or impossible to observe, as ion species like C iv are ionized by radiation in the extreme ultraviolet, which has been reported to be more variable than the optical or near ultraviolet (e.g., Marshall et al. 1997) . Thus the variability in the ionizing continuum may not be reflected by observations of optical or near-ultraviolet continuum variability (see Section 4.2.1 of Grier et al. 2015 for a more detailed discussion).
It is thus advantageous to use other evidence, such as certain characteristics of the variability, or other properties of the quasar spectra, to identify the most likely cause of variability. For example, the presence of coordinated variability across the full profile of a BAL trough and between distant C iv troughs provides evidence in support of variability driven by changes in the ionization state of the outflow gas. The presence of BAL troughs of other species can provide information on whether the C iv BAL is highly saturated (e.g., Capellupo et al. 2017 ); a single-τ saturated BAL trough will not change its EW in response to changes in ionizing continuum in the same manner as unsaturated troughs. Thus, observed variability in saturated BALs would favor cloud-crossing models. We below examine several characteristics of the observed short-timescale BAL variability and the corresponding quasar spectra to determine the physical models responsible.
Coordinated Variability Across the Width of Individual BAL Troughs
We first search for coordinated variability across individual BAL troughs. At each (binned) pixel in a normalized trough, we calculate χ, the error-normalized difference in flux between the two spectra. We assume that all pixels with measured |χ| < 1 exhibit only noisedominated fluctuations consistent with zero variability. For each rapidly-varying BAL, we measure the fraction of pixels in the BAL trough with χ > 1, denoted f (χ > 1), and the fraction with f (χ < −1). The various possible combinations of these parameters can be interpreted as follows:
1. High values of either f (χ > 1) or f (χ < −1) correspond to variability consistent with being coordinated in the same direction across a trough. Such variability is consistent with a model in which ionization-state changes drive the observed BAL variations. These cases cannot be explained solely by crossing clouds because such clouds are unlikely to cause coordinated variability over thousands of km s −1 on timescales of days or less. There may be some cases where part(s) of the trough vary in the same direction, but unequally (e.g., RM128 BAL[A] MJDs 56768-56772; see Figure Set 8 ). Such variability may be explained by ionizationstate changes with a range of densities across the outflow (see Arav et al. 2012 3. If f (χ > 1) and f (χ < −1) are both significantly nonzero, we are seeing variability in both directions simultaneously (i.e., the BAL is weakening in some regions and strengthening in some regions). Such variability may be consistent with crossing clouds or ionization variability if the density is nonuniform within the outflow. Figure 11 shows f (χ > 1) vs. f (χ < −1) for our rapidly-varying pairs of spectra, and we provide f (χ > 1) and f (χ < −1) values in Table 5 . BALs experiencing coordinated variability across the trough (the first situation described above) cluster along either the horizontal or vertical axis of Figure 11 . Cases showing coordinated variability in the same direction across the majority of the trough (e.g., RM 508) appear farthest from the origin, and objects for which only part of the trough varies lie closer to the origin along the axes. BALs with significant variability in both directions (the third scenario described above) will lie close to a 45-degree line. All of our cases lie on or between the vertical or horizontal axes and the lines indicating a 2:1 ratio between the two measured quantities. Most of the sets of measurements are consistent with situations (1) and (2) above, which suggests that ionization variability likely plays a role.
We see no cases representing the scenario (3) described above, where there is significant amounts of variability in both directions (i.e., part of the trough strengthens while another part weakens). However, we note that our aforementioned variability significance criteria select against such cases. Consider, for example, a scenario in which half of a BAL strengthens by some large amount, and the other half weakens by a similar amount. The ∆EW of such a case would approach zero. Thus, this case would not be flagged as significant by our σ ∆EW > 4 criterion, although significant variability could exist in the individual regions within the BAL. Such preferential selection could help explain the lack of variability in both directions in our sample (see Figure 11 ). However, we searched our data for potential cases of variability in opposite directions and find no clear examples of this behavior in our sample. We also measured the largest number of contiguous pixels in each trough with χ > 1 and χ < −1 and denote this quantity as ∆v co -this value is the largest velocity width with "coordinated" variability-state changes. These numbers are provided in Table 5 for each pair of epochs. There is a large variety of ∆v co within our sample, ranging from just under 300 km s −1 to just under 4000 km s −1 , indicating a wide variety of coordinated velocity widths. More than half of epoch pairs show coordinated variability in regions >1000 km s −1 . Large regions of coordinated variability can be explained by ionization variability, but models that rely on cloudcrossing scenarios must be able to explain coordinated variability across such velocity widths, e.g., through time-dependent studies of accretion-disk winds (Proga et al. 2012 ).
Coordinated Variability Between Additional C iv
BALs
Seven of our 15 quasars hosting rapidly varying BALs (RM 128, 217, 257, 357, 509, 730, and 786) have additional C iv BALs present in their spectra at different velocities. These quasars provide an opportunity to search for coordination between rapidly varying C iv troughs and those at different velocities -such coordination was reported by Capellupo et al. (2012 ), Filiz Ak et al. (2012 ), and De Cicco et al. (2018 on longer time baselines. For all pairs of epochs where at least one of the BALs experienced significant rapid variations, we also explore the behavior of the other BAL during that same time period. Figure 12 shows ∆EW for each pair of significantly-varying C iv BALs. In addition, the behavior of the additional C iv BALs can be compared to the rapidly-varying BALs using Figure Sets 5 and 8 .
We have 36 pairs of spectra with at least one BAL identified as rapidly varying in quasars hosting a second BAL. A detailed discussion of each individual object and its additional C iv BAL is provided in the Appendix. Figure 12 shows a potential correlation between ∆EW of C iv BAL pairs, providing tentative evidence for coordinated variability between the two troughs in many cases. We also performed a Spearman rank correlation test to determine the strength of the correlation between the two quantities, computing the Spearman rank-order correlation coefficient ρ and the corresponding probability p that describes the likelihood of obtaining the measured ρ value if the two quantities are actually uncorrelated. We obtain ρ = 0.65 and p = 1.84 × 10 for ∆EW/ EW , indicating that the EW changes of the two C iv troughs are correlated. We interpret this as evidence for coordinated variability between C iv BAL troughs in our sample.
Si iv and Al iii
The presence of BALs at velocities corresponding to the C iv BAL but arising from other absorption species can provide clues to the physical properties of BAL outflows (e.g., Filiz Ak et al. 2014; Capellupo et al. 2017) . To investigate this, Filiz Ak et al. (2014) divided their sample of C iv BALs into categories according to the presence of other species: If neither Si ivλλ1393, 1403 nor Al iiiλλ1855, 1863 is present at velocities corresponding to an identified C iv BAL, said BAL is denoted a C iv 00 trough. If a Si iv BAL is present but Al iii is not detected, it is denoted as a C iv S0 trough 1 , and if both Si iv and Al iii BALs are present at corresponding velocities, it is denoted as a C iv SA trough. In a sample of 851 BAL troughs, they find that 13±1% of their BAL troughs fall into the C iv 00 category, 61±3% into the C iv S0 or C iv s0 category, and 26±1% into the C iv SA , C iv Sa , or C iv sa category.
We visually inspected the mean spectra of our quasars to determine whether or not these additional species are present in our sample, and assigned each BAL a category following Filiz Ak et al. (2014) , with one notable change: we do not differentiate between BALs and mini-BALs In all cases, ∆EW1 refers to the measurement of the BAL that is identified as rapidlyvariable, and ∆EW2 refers to the accompanying BAL during the same pair of epochs. Blue points represent pairs where only one of the BALs (∆EW1) passed our criteria for rapid variability; in these cases, the second BAL varied with a lower significance (or is sometimes statistically consistent with zero variability). Red points represent pairs of epochs where both BALs varied significantly. The results of a Pearson correlation test are provided in the lower-right corner of each subplot; r is the measured Pearson coefficient and p is the corresponding probability that the measured r would be obtained randomly if the two quantities were actually uncorrelated.
when considering Si iv and Al iii. We thus place our BAL troughs into only three categories (C iv 00 , C iv S0 , and C iv SA ) as long as a BAL or mini-BAL of the other species is present. In some cases, there was evidence for absorption of Si iv or Al iii that was not deep enough to meet the normalized flux threshold of 0.9 used in BAL searches, and thus the absorption is considered undetected. Our classifications for all identified BALs are given in Table 3 , with details on individual objects given in the Appendix. There are three cases in our BAL trough sample where there is not sufficient coverage of the Si iv region to determine a class -we denote these as C iv N0 troughs in Table 3 .
In our sample of 34 troughs with coverage of the Si iv region, we find 15 C iv 00 troughs (44 +15 −11 % of our sample), 13 C iv S0 troughs (38 +14 −11 %), and six C iv SA troughs (18 +11 −7 %). This is a substantially higher fraction of C iv 00 BALs than is present in the Filiz Ak et al. (2014) sample. This is primarily due to the different velocity ranges used in our BAL searches -Filiz Ak et al. (2014) search only outflow velocities ranging from 3000-20,000 km s −1 in their work, while we extend ours from an apparent inflow velocity of 1000 km s −1 to an apparent outflow velocity of 30,000 km s −1 . Many of our BALs, primarily C iv 00 troughs, extend into the ranges excluded by Filiz Ak et al. (2014) and would be excluded if we imposed similar velocity restrictions -imposing these restrictions results in much better consistency between the observed percentages of each category. Another likely contributor to the different percentages of each kind of trough is that we are using coadded spectra to search for BALs -sometimes including more than 60 spectra, whereas Filiz Ak et al. (2014) used only singleepoch spectra. Our mean spectra are thus generally much higher-SN, which allows us to detect weaker BAL troughs (which are often missed due to noise). Since C iv 00 troughs are generally weaker than BALs in the other two categories (Filiz Ak et al. 2014) , we expect that the use of coadded/mean spectra also contributes to the higher incidence of C iv 00 troughs in our sample.
Among only our 19 rapidly varying BAL troughs, we observe a distribution that is consistent with our full sample: nine (50 +23 −16 %) of the 18 BALs with short-term variability and Si iv coverage fall into the C iv 00 category, six (33 +20 −13 %) fall into the C iv S0 category, and three (17 +16 −9 %) fall into the C iv SA category (the remaining rapidly varying BAL, RM 361 BAL[A], does not have wavelength coverage of the Si iv region).
When a deep Si iv trough accompanies the observed C iv trough, the C iv trough is likely to be heavily saturated given the relative cosmic abundances of Si and C and the relative ionic abundances expected in BAL outflows (e.g., Figure 4 of Hamann et al. 2000) . Half of our rapidly varying BAL troughs show accompanying Si iv, which indicates saturation and suggests that cloud-crossing may play a part in the observed variability in many of our BALs, as saturated troughs will not respond to changes in the incident ionizing flux in the same manner as unsaturated troughs. However, the presence of saturated C iv troughs is not necessarily solid evidence for simple cloud-crossing scenarios.
For example, consider RM 257 BAL [A], a C iv SA trough with two pairs of epochs identified as rapidly variable. The BAL shows coordinated variability across velocities of ∼3600 km s −1 and ∼7250 km s −1 (about 20% and 40% of the entire trough width). This coordinated variability is suggestive of ionization-state changes as the driving mechanism. In addition, this quasar also contains a second, lower-velocity BAL that varies significantly in the same direction (also naturally explained by ionization-state changes). However, the presence of Si iv and Al iii BALs indicates that the C iv BAL is likely highly saturated; as discussed above, variability in saturated troughs is more easily explained by cloudcrossing scenarios. At face value, the evidence presented by this BAL seems contradictory.
However, coordinated variability over such a wide velocity range can be explained by a model including inhomogenous partial covering of some type; that is, different parts of the quasar emission regions are covered by absorbers of different optical depths along our sightline (e.g., de Kool et al. 2002; Arav et al. 2005; Sabra & Hamann 2005) . For example, the optical depth values might follow a power-law distribution (e.g., Arav et al. 2008) , with a large fraction of the emitting area covered by gas optically thick in C iv and a small fraction covered by optically thin gas. Variations in the ionizing continuum leading to variations in the optical depth values would yield a more detectable change in residual flux from the emitting area covered by optically thin gas than from the emitting area covered by optically thick gas. A BAL outflow exhibiting inhomogeneous partial covering therefore can exhibit strong Si iv and even P v absorption in a trough which nonetheless exhibits variability in the C iv equivalent width that is caused by ionization-state changes. Simultaneously modeling the variability of C iv and Si iv in such cases may constrain inhomogeneous partial convering models; however, we defer such detailed analysis to a future work.
P v
We also searched for P vλλ1112,1118 absorption in our significant-variability sample. P v is a lower-abundance ion that has an ionization energy similar to that of C iv, and its presence, like that of Si iv, indicates that the corresponding component of C iv absorption is highly saturated (e.g., Capellupo et al. 2017) . There have been differing reports on the frequency of P v BALs; Capellupo et al. (2017) report that only 3-6% of BAL quasars examined show detectable P v, while Filiz Ak et al. (2014) estimate that about half of their sample contains visible signs of P v absorption. The incidence of detectable P v rises when other species such as Si iv or Al iii are present -Filiz Ak et al. (2014) report that 88% of their C iv SA troughs show detectable P v, about half of the C iv S0 troughs show detectable P v, and only 12% of C iv 00 troughs are accompanied by P v absorption. The discrepancy in the P v detection percentages between Capellupo et al. (2017) and Filiz Ak et al. (2014) is likely due to differing identification criteria: Capellupo et al. (2013) note that they are extremely conservative in identifying P v and that their algorithm is biased against weaker and narrower features, whereas Filiz Ak et al. (2014) use visual inspection to identify P v, and may thus identify many features that are excluded by the strict criteria used in the former work.
In the cases in which the P v region is covered by our spectra, it falls toward the very blue end of the spectrum, which often contains significant noise, causing difficulties in its reliable detection, and this difficulty is compounded by the fact that it falls within the Lyα forest. A detailed analysis is thus beyond the scope of this work -however, we visually inspected the spectra for signs of broad P v absorption that corresponds to the velocities of our 37 identified Civ BALs. The results for each identified BAL in our sample are presented in Table 3 . Only 15 of our 37 BALs have coverage of the P v region at corresponding velocities; for these 15 C iv BALs, we find tentative signs of accompanying P v in six cases (40 +23 −15 %). Three of the six likely P v BALs accompany rapidlyvarying C iv BALs -in quasars RM 257, RM 631, and RM 730. All three also contain Si iv absorption (RM 631 and RM 730 are both C iv S0 troughs and RM 257 BAL[A] is a C iv SA trough), further supporting saturation. One would thus expect that the observed variability in these BALs is most likely due to cloud-crossing or, as discussed above (Section 4.3.3), by inhomogeneous partial covering scenarios.
Physical Constraints from Ionization Variability
The evidence presented above suggests that the variability that we observe is due to a variety of causes; in some cases (e.g., RM 508), we find substantial evidence in support of the ionization-change scenario, while in others (e.g., RM 730; see Section 4.3.4), the evidence may point to to cloud-crossing as the more likely scenario. We here carry out one example calculation of some of the physical constraints that can be obtained in the case of ionization changes for one such BAL. To do so, we adopt a model for ionization variability in optically thin C iv gas (details are provided in the Appendix). This model is only plausible for BAL troughs with a C iv 00 designation in Table 3 , indicating that neither Si iv nor Al iii accompany the C iv absorption; we do not expect ionization variability in optically thin C iv gas to explain variability in troughs with C iv SA or C iv S0 designations, though ionization variability may play a role if the optical depth is inhomogenous (see Section 4.3.3).
We choose our most significant case, RM 508, as our case study. BAL [A] in this quasar shows variability at a significance of > 20σ over a period of just four days in the quasar rest frame (see Figure 8) . Following the procedure outlined in the Appendix, we find that the observed variability in RM 508 is consistent with a model of an absorber that fully covers the continuum source, is optically thin in C iv (with a maximum optical depth τ max = 0.847 ± 0.024), has constant electron density over its velocity range, and responds to a variable ionizing flux by a drop in optical depth of a factor ofB = 2.04 ± 0.07 in 4.03 rest-frame days. Of course, consistency with a model is not proof the model is correct, but it is encouraging that simple absorber models may be useful in constraining the physical parameters of absorbers and of quasar ionizing flux variability (though we leave the latter as a topic for future work).
Our observations can further be employed to constrain the density and radial distance of quasar outflows (e.g., Grier et al. 2015) . For ionization state i of some element, outflow density can be constrained given the equivalent widths of two epochs (EW 1 and EW 2 ), the rest-frame time difference between these epochs (∆t rest ), the ion's recombination coefficient to ionization state i−1 (α i−1 ), and several simplifying assumptions (Arav et al. 2012; Rogerson et al. 2015) . The relationship between these variables and the density constraint is
A derivation of Equation 4 is given in Section B.2 of the Appendix. We assume an outflow temperature approximately equal to that of C iv-region broad line region gas, log T = 4.3 (e.g., Krolik 1999) . For this temperature, the C iii recombination coefficient quoted by the CHIANTI online database is α CIII = 2.45 × 10 −11 cm 3 s −1 (Dere et al. 1997; Landi et al. 2013 ). We utilize this recombination coefficient for subsequent calculations.
With Equation 4, we treat two cases of short-timescale variability to constrain density: the most significantly varying epoch pair (RM 508 BAL[A], MJDs 57901-57918, σ ∆EW = −22.34) and the most rapidly varying epoch pair of a Civ 00 BAL exhibiting decreasing EW (RM 257 BAL [B] , MJDs 56717-56720, ∆t rest = 0.91 days). These epoch pairs return density constraints of n e 6.5 × 10 4 cm −3 and n e 4.1 × 10 4 cm −3 , respectively. Using data on RM 613 from Grier et al. (2015) in Equation 4, we calculate a density constraint of n e 3.4×10 4 cm −3 . Thus, the conservative approach we adopt in Equation 4 yields a lower-limit density from the large-amplitude variability in RM 508 BAL[A] which is about a factor of two larger than those from RM 257 BAL [B] in this work or from RM 613 reported by Grier et al. (2015) . Previous studies (e.g., Arav et al. 2013; Borguet et al. 2013 ) have reported density constraints on the order of n e > 10 3 − 10 4 cm −3 for outflows at radii of kiloparsec scales -our measured densities are consistent with such measurements. The radial distance from the quasar to the outflow for which the previously calculated density constraint remains valid can also be constrained via
where σ ν is the cross section of photons with energy hν and ν i is the ionization energy of ionization species (i−1). A derivation of Equation 5 is given in Section B.3 of the Appendix. Note that both the density and radius constraints are conditional; either the gas is more distant and has a greater n e than the respective lower limits above, or it is located closer than the radius limit with no constraint on its density (see Figure 14 of Rogerson et al. 2015) . We determined L Bol of RM 257 and RM 508 using their respective observed flux densities at 3000Å 1350Å and adopting a bolometric correction factor of 5 and 4, respectively (bolometric corrections factors are from Richards et al. 2006) . We calculate L Bol = 7.64 × 10 46 erg s −1 for RM 257 and L Bol = 3.32 × 10 47 erg s −1 for RM 508. Adopting the UV-soft spectral energy distribution of Dunn et al. (2010) , we calculate L ν and integrate Equation 5, returning radial distance constraints of r 248 pc and r 405 pc for RMs 257 and 508, respectively. Additionally, we rescale the RM 613 radial distance constraint r 120 pc reported by Grier et al. (2015) to the improved density constraint calculated via Equation 4, yielding a constraint of r 406 pc. Our conditional distance constraints for all three quasars for which we have done the calculations (RM 257, RM 508, and RM 613) are thus all on the order of hundreds of parsecs.
Such large radii are inconsistent with the ∼ 10 −3 pc launching radius distance suggested by previous theoretical studies (e.g., Murray et al. 1995; Proga 2000; Higginbottom et al. 2013) . However, various studies have reported BAL outflows at greater distances (e.g., see Table 10 of Dunn et al. 2010 , with more recent works including, e.g., Xu et al. 2018), and Arav et al. 2018 report evidence that more than half of all BALs are found at distances of greater than 100 pc. Our conditional distance constraints are consistent with this claim, though because they are conditional, they should not be viewed as direct support for it.
SUMMARY & FUTURE WORK
We have systematically searched for short-timescale (< 10-day) variability in a sample of 37 distinct C iv BALs in 27 unique quasars using data from the SDSS-RM project, which contains a large number of spectral epochs at a high cadence compared to previous studies of BAL variability. We further examine these spectra to evaluate models for variability mechanisms and compare our observed variability to previous sample-based studies (e.g., Filiz Ak et al. 2013) . Our main findings are the following:
1. We discover 54 cases of significant rapid variability in 19 unique BALs (see Section 4.1) in 15 out of the 27 quasars in our sample (55 +18 −14 %), 19 of 37 C iv BAL troughs (51 +15 −12 %), and 54 of 1460 epoch pairs (3.7 ± 0.5%). This variability is on rest-frame timescales of 0.55-8.27 days, with a median of 2.55 days. This result demonstrates that short-term BAL variability is common; it has not been observed frequently in the past likely because high-SN observations intensively probing these short timescales did not exist. These quasars and their BAL troughs do not appear to be distinctive; their properties are similar to those of the general quasar population. See Section 4.1.
2. We compare the overall variability properties of our sample (∆EW and fractional ∆EW) to previous studies to determine whether our rapid variability is unusual or more extreme than previously reported. The amplitude of variability in our sample does not appear to differ qualitatively from that previously observed on comparable or slightly longer timescales (see Section 4.2).
3. We searched for coordinated variability across our rapidly varying C iv BAL troughs and find that the velocities over which the variability is coordinated range from ≈290 km s −1 to ≈7250 km s −1 within the troughs. More than half of our troughs show coordinated variations across velocities >1000 km s −1 (see Section 4.3.1). This result is consistent with much of the observed variability being driven by changes in the ionization state of the outflow gas (e.g., Filiz Ak et al. 2013; Grier et al. 2015) , which naturally explains coordinated variability across a range of velocities. However, many of our troughs show much smaller ranges of coordinated variability, suggesting that cloudcrossing may be responsible for the variability in other cases.
4. We see evidence for coordinated variability between C iv troughs in quasars hosting more than one C iv BAL (see Section 4.3.2). This observation again indicates that the variability cannot be explained solely by a cloud-crossing scenario, as coordinated variability at such a large spread of velocities is difficult to achieve in the context of cloud-crossing models.
5. We investigate the presence of other BAL species such as Si iv, Al iii, and P v in our sample and find that many of our C iv BALs are saturated; in these cases, cloud-crossing scenarios and/or inhomogeneous partial covering are required to explain our observed rapid variability. See Section 4.3.3.
6. In many cases, we see variability consistent with models of ionization-state changes within the outflow; we thus adopt a simple model and employ the model to constrain various properties of the outflow in an example object (see Section 4.4). We find outflow density lower limits in agreement with those reported in previous work.
Previous sample-based studies of BAL variability have found significant variability on all timescales explored; we similarly find significant BAL variability down to timescales of less than a day in the quasar rest frame. Our results show that future observational studies of BAL variability on longer timescales need to consider the likely possibility that the BALs have experienced significant variations, perhaps in many directions, within the time span between observations. In addition, models describing BAL formation and variability need to explain short-timescale variability to be viable, as such rapid variability is not a rare, extreme phenomenon, but appears to be common among quasars.
Our study is the first to examine short BAL variability timescales (down to less than a day in the quasar rest frame) intensively for many different quasars. Future time-domain spectroscopic studies of quasars will be extremely useful expanding the sample of quasars searched and placing better constraints on the frequency of such variability. There are multiple upcoming industrialscale spectroscopic programs that will provide data optimal for such efforts. The SDSS-V Black Hole Mapper program (e.g., Kollmeier et al. 2017 ) will observe several quasar fields at a high cadence similar to the SDSS-RM, allowing us to explore hundreds of additional BAL quasars and largely expand our sample. Additionally, telescopes such as the 4-Metre Multi-Object Spectroscopic Telescope (4MOST; de Jong et al. 2014) are well-suited for high-cadence spectroscopic studies of quasars, which naturally produce data suitable for shorttimescale BAL variability studies. These upcoming programs will be crucial in uncovering the drivers behind RM 039 hosts an extremely broad, deep C iv BAL, and it also contains deep Si iv and Al iii BALs, placing it into the C iv SA category. This object has a P v BAL at corresponding velocities, indicating that the C iv BAL is highly saturated.
A.2. RM 073 (SDSS J141741.72+530519.0) RM 073 contains two C iv BALs, neither of which is identified to be significantly variable on short timescales. There is no evidence for corresponding Si iv or Al iii BALs or mini-BALs.
A.3. RM 116 (SDSS J141432.46+523154.5) RM 116 formally has two distinct C iv BALs identified; however, visual inspection of the mean spectrum suggests that these two BALs may belong to the same absorption system. There also exists a Si iv absorption feature, and a few accompanying narrow Al iii troughs in the region.
A.4. RM 128 (SDSS J141103.17+531551.3)
RM 128 has two BALs, both identified as rapidly varying but on different dates. In all four epochs exhibiting shorttimescale variability, the other BAL also experiences an EW shift in the same direction, but at a lower significance. We interpret this as tentative evidence for coordinated variability, although the low significance of the secondary BAL variability prohibits a definite conclusion. The higher-velocity BAL in RM 128 (BAL[A]) also has a corresponding Si iv BAL as well as slight evidence for shallow Al iii absorption at the same velocities. The lower-velocity BAL [B] does not appear to have any accompanying Si iv or Al iii absorption.
A.5. RM 155 (SDSS J141123.68+532845.7)
Our spectra for RM 155 do not have complete coverage of the Si iv region; however, we see evidence for the beginning of a Si iv trough at corresponding velocities to the very deep C iv BAL, as well as a strong Al iii absorption feature. Thus, this is a C iv SA quasar.
A.6. RM 195 (SDSS J141935.58+525710.7) RM 195 hosts two formal C iv BALs; however, the BAL at higher outflow velocities was excluded from our sample due to the presence of sky line contamination (see Section 3.1). There exists evidence for an accompanying Si iv feature to this higher-velocity trough; however, the BAL that is included in our study shows no accompanying Si iv or Al iii absorption.
A.7. RM 217 (SDSS J141000.68+532156.1) This quasar has two identified C iv BALs, but only one is identified as rapidly varying. The high-velocity BAL [A] shows less-significant variability -in two epoch pairs, however, the less-significant variability is in the same direction as the significant variability. In one epoch pair, the EW of BAL[A] changes in the opposite direction, and it has disappeared completely in the last epoch pair. This quasar is one of two that harbor a high-velocity BAL (BAL [A] ) that disappears during the campaign. Additionally, this quasar has Si iv BALs present at velocities corresponding to both C iv BALs, although no Al iii absorption is visible.
A.8. RM 257 (SDSS J140931.90+532302.2) RM 257 has two BALs, both identified as rapidly varying. BAL[A] only has two epoch pairs identified as rapidlyvarying (MJDs 57510-57518 and 57518-57544). BAL [B] is also significantly variable in the same direction during these epoch pairs. In the additional three epoch pairs that BAL [B] is identified as rapidly variable, BAL[A] also varies in the same direction, but the variability is significant at less than 4σ. Thus, we again find tentative evidence for coordinated variability. RM 257 BAL[A] has accompanying Si iv and Al iii troughs. The P v region corresponding to these velocities is cut off at the blue end of the wavelength region, but the spectrum does appear to have P v absorption.
A.9. RM 284 (SDSS J141927.35+533727.7) RM 284 shows broad C iv absorption within our velocity search range -however, this quasar also has a very high-velocity C iv trough (not studied in this work) extending from approximately 35,000 to 59,000 km s −1 with a maximum depth of approximately 50% of the continuum flux. The absorption EW of the very high-velocity trough has generally decreased from 2014 to 2017, but the maximum depth has not. We see the red edge of an accompanying very high-velocity N v absorption trough at the extreme blue edge of the SDSS-RM spectrum, but we lack coverage of the P v region at these velocities. The strength of any Si iv absorption in BAL [A] in this quasar is impossible to determine due to confusion with the very high-velocity C iv trough, so we assign the C iv N0 designation to this target to indicate this uncertainty. There does not appear to be substantial Al iii absorption, although the region blueward of Al iii has considerable blended Fe emission, making it difficult to interpret the spectrum. RM 361 has a single, deep BAL trough. The Si iv region is not covered by our spectra, so we assign this BAL to the C iv N0 category. There is not strong evidence for Al iii absorption.
A.13. RM 408 (SDSS J141409.85+520137.2)
RM 408 has visible narrow Si iv and Al iii absorption at velocities corresponding to the C iv BAL[A]; however, both of these features are too narrow to meet our formal BAL definition, so we assign this BAL to the C iv 00 category. We do not have coverage of the P v region in this object.
A.14. RM 508 (SDSS J142129.40+522752.0)
This quasar exhibits C iv absorption with no accompanying Si iv, Al iii, or P v features. Additional C iv absorption is visible at lower velocities that is both slightly too shallow and narrow to meet the formal BAL definition. The C iv BAL [A] in this target varies significantly on short timescales, sometimes with exceptionally high significance (i.e., greater than 20σ ∆EW ), making this quasar especially noteworthy. There also may be a weak, broad, very high-velocity C iv absorption feature at rest-frame 1350Å. This source has a high-velocity C iv BAL with accompanying Si iv absorption, but no Al iii feature. We also see a significant feature near 1320Å in the Si iv region that must be an extremely high-velocity C iv trough.
A.17. RM 565 (SDSS J140634.14+525407.8)
The spectra for RM 565 barely clear our SN threshold; it is thus difficult to identify different species throughout the spectra. However, we identify two BALs in this quasar. The velocities covered by BAL [A] are not fully covered by the spectra in the Si iv region, so we are unsure if Si iv is present at these velocities. Al iii does not appear to be present in the spectra. The lower-velocity BAL [B] appears to have accompanying Si iv absorption, but no Al iii absorption.
A.18. RM 613 (SDSS J141007.73+541203.4) RM 613 has one C iv BAL that meets the formal BAL definition, although there is an additional lower-velocity mini-BAL. Si iv absorption is likely present at velocities corresponding to the BAL, but, at <10% of the continuum flux, it does not formally meet the definition of a BAL. There is no evidence for accompanying Al iii absorption. This quasar was investigated by Grier et al. (2015) , hereafter G15, who reported the first detection of significant BAL variability on timescales shorter than five days in the quasar rest frame. Their investigation revealed four different pairs of spectra separated by less than five rest-frame days that exhibited > 4σ ∆EW BAL variability. We find qualitatively similar results in our study (i.e., the BAL varies on short timescales in several epoch pairs); however, we identify fewer (and different) pairs of epochs as significantly variable.
The identified variable epoch pairs from G15 are MJDs 56697-56715 (Pair 1), MJDs 56751-56755 (Pair 2), MJDs 56768-56772 (Pair 3), and MJDs 56783-56795 (Pair 4). Pair 2 was also identified in our study as significantly variable. Pairs 1 and 4 were not identified in our study due to the implementation of the G criterion, and Pair 3 was not identified due to the re-binning of the spectra causing the ∆EW value to fall just below our 4σ significance threshold. In addition, we identify two additional significantly-variable epoch pairs that were not noted by G15; prior to the spectral binning, these epoch pairs also lay just below the 4σ significance cutoff. We do not believe the epochs identified by G15 are in error; in fact, we find it likely that all of these epoch pairs show real BAL variability. We again stress our goal of assembling a clean, conservative collection of significant BAL variations in this study, and our strict significance criteria is likely to eliminate some epoch pairs that exhibit true variability.
A.19. RM 631 (SDSS J140554.87+530323.5)
This quasar has a C iv BAL accompanied by Si iv absorption. Additionally, a Al iii absorption feature exists, but it does not drop down below a normalized flux density of 0.9. Thus, this is a C iv S0 BAL. However, strong evidence for Al iii exists, and evidence for P v is apparent as well.
A.20. RM 717 (SDSS J141648.26+542900.9) RM 717 exhibits a broad C iv BAL with multiple components; we see a similar structure in the accompanying Si iv BAL at corresponding velocities. Hints of possible similarly structured Al iii absorption are visible, but the flux does not drop below 0.9 at any point.
A.21. RM 722 (SDSS J142419.18+531750.6) This object displays a single C iv BAL with no accompanying broad Si iv or Al iii absorption, though there is narrow Si iv absorption superimposed on the Si iv emission line.
A.22. RM 729 (SDSS J142404.67+532949.3) RM 729 contains a fairly deep C iv BAL trough with accompanying Si iv absorption and traces of accompanying Al iii absorption. The Al iii absorption is not quite deep enough to be considered a formal BAL or mini-BAL. There is potential evidence for a P v BAL feature, though the low SN in the P v region makes this uncertain. RM 729 also has a second formal C iv BAL present in its spectrum at higher velocity; however, it was excluded from our study due to contamination by bad pixels (see Section 3.1).
A.23. RM 730 (SDSS 142225.03+535901.7) RM 730 possesses two C iv BALs that are very close together (see Figure 3) , though they are detected as two distinct BALs separated by about 500 km s −1 (see their v min and v max measurements in Table 3 ). The higher-velocity BAL[A] shows significant short-term variability in two pairs of epochs; BAL [B] in this object does not vary significantly over these time periods. BAL[A] shows coordinated variability on velocity scales of 750 and 1250 km s −1 (only about 5% and 9% of the entire trough width) during the two identified epoch pairs. There is a Si iv BAL present at velocities corresponding to BAL [A] , and traces of Al iii absorption, but the Al iii features are too shallow to be considered BALs; we thus place this trough into the C iv S0 category. There is no evidence for Si iv, Al iii, or P v BALs or mini-BALs at velocities corresponding to the lower-velocity BAL [B] . This source has a single C iv BAL, accompanied by Si iv absorption. There are potential P v BALs at corresponding velocities, although the low SN of the region makes this a tentative interpretation.
A.27. RM 786 (SDSS J141421.53+522940.1) RM 786 has a very shallow high-velocity BAL[A] that varies rapidly for one epoch pair. For the same epoch pair, the low-velocity, deeper BAL [B] varies in the same direction, suggesting coordinated variability between the two. BAL [B] varies significantly in many more epochs, however -sometimes BAL[A] varies in the same direction, but for two epoch pairs, the troughs vary in opposite directions. Again, we note that the BAL[A] is varying at low significance in these cases, so the disagreement is tentative rather than conclusive.
B. DERIVATION OF PHYSICAL CONSTRAINT EQUATIONS
We below provide details on the model and calculations discussed in Section 4.4.
B.1. Ionization Variability Model
In a simple ionization-variability scenario, a step-function change in ionizing flux by some factor A alters the ionization balance in the absorber, resulting in a change in the observed optical depth of a given tracer ion by a factor B on a density-dependent equilibration timescale. If the electron density in the absorber is constant over its velocity range, then the equilibration timescale and the factor B will be constant with velocity as well.
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We can test for this predicted optical-depth change by a constant factor by assuming a uniform partial-covering scenario (e.g., de Kool et al. (2002) ). We perform this test for the two epochs in which RM 508 shows the greatest change in its absorption depth (MJDs 57901 and 57918). For these two epochs, hereafter denoted 1 and 2, we take the normalized flux profile in the 2900 km s −1 wide trough and bin by three pixels to reduce correlations between pixels. We assume a value of the covering factor C and calculate and the ratio B(λ) = τ 1 (λ)/τ 2 (λ), as well as the accompanying uncertainties (we are approximating the C iv doublet as a singlet, since the trough is broader than the doublet separation). We then find the weighted averageB over the entire trough. We simultaneously fit the trough profiles with the above partial-covering model with those values of C andB and a 14-point optical depth profile (one for each velocity), determined using both We repeat this exercise for all possible values of C ≤ 1. We find a minimum χ 2 = 22.3 for 12 degrees of freedom for C = 1, which is a marginally acceptable model (p = 3.48 × 10 −2 , 1.82σ). The relatively large minimum χ 2 may indicate that the adopted model is an oversimplification, or it may arise from the use of only two epochs of data to fit the optical-depth profile. Our results indicate that the observed variability is consistent with a model of an absorber that fully covers the continuum source, is optically thin in C iv (with a maximum optical depth τ max = 0.847 ± 0.024), has constant electron density over its velocity range, and responds to a variable ionizing flux by a drop in optical depth of a factor ofB = 2.04 ± 0.07 in 4.03 rest-frame days.
B.2. Density Constraint
Following Grier et al. (2015) , we further use the observed changes in EW and the timescale of these changes to measure a lower limit on the density of the outflow material. For ionization state i of some element which begins in photoionization equilibrium, the density of species n i can be modeled as varying with a characteristic timescale t * i as n i (t) = n i (0) exp (t/t * i ) (B1) (Arav et al. 2012; Rogerson et al. 2015) . Assuming the outflow is optically thin, number density is linearly proportional to column density. Thus, for the case of two relevant quasar observations, n i (t)/n i (0) = EW 2 /EW 1 , and t = ∆t rest . Equation B1 can therefore be rewritten and solved for the characteristic timescale t * i , giving t * i = ∆t rest log (EW 2 /EW 1 ) −1 (B2) Using the ionization rate per ion of state i (I i ), the ion's recombination coefficient to ionization state i − 1 (α i−1 ), and the fractional change in I i (f i , for which f i = I i (t)/I i (0) − 1 and −1 < f i < +∞), the characteristic timescale t * i can also be calculated as
assuming photoionization and recombination are the only processes relevant to ionization state change (i.e., collisional ionization is ignored). A negative t * i implies n i decreasing with time. For an outflow sufficiently separated from the quasar, recombination dominates photoionization (n e α i−1 I i ). Consider the scenario in which ionizing flux vanishes, implying f i = −1 (e.g., Capellupo et al. 2013) . For this limiting case, t * i is the recombination time of the ion, and Equation B3 reduces to t * i = −1/n e α i−1 . Holding firm our previous assumption of optical thinness, this result can be combined with Equation B2 to derive the lower density limit n e > log (EW 1 /EW 2 )/α i−1 ∆t rest (B4) which is Equation 4, used to constrain outflow density in Section 4.4
B.3. Radial Distance Constraint
For an optically thin cloud containing some element in ionization state i at radial distance r from a quasar with luminosity L ν , the ionization rate per ion in state i is calculated as
for which σ ν is the ionization cross section for photons of energy hν and ν i is the ionization energy of ionization species (i − 1). In the derivation of our density constraint (see Section B.2 of the Appendix), we assume that the outflow is sufficiently separated from the quasar such that recombination (with recombination coefficient α i−1 ) dominates photoionization (I i n e α i−1 ). As radial distance from the quasar decreases, ionizing flux increases and photoionization comes to instead dominate recombination (I i n e α i−1 ). Between photoionization-dominated distances and recombinationdominated distances exists an equilibrium distance (r equal ) for which the rate of photoionization and the rate of recombination are equivalent (I i = n e α i−1 ). Due to the aforementioned assumptions of our density constraint derivation, this constraint is only valid at distances larger than the equilibrium distance (r > r equal ). From these arguments, we substitute I i = n e α i−1 and r > r equal into Equation B5, obtaining the lower radial distance limit
which is Equation 5, used to constrain the radial distance of outflows in Section 4.4.
